computationa~ly efficient approach to modeling complex high temperature superconductor (HTS) microwave circuits is described which combines two-dimensional electromagnetic solutions of microwave transmission lines, incorporating a phenomenological description of HTS behavior, with conventional commercially available microwave-circuit computer-aided-design software. Internal inductance effects are known to have a substantial impact on the design and implementation of narrowband WTS circuits. Phase velocities and characteristic impedances can be well modeled using a phenomenological description of HTS superconductivity along with a generalized approximate boundary condition and a two dimensional electromagnetic solution to the waveguiding structure. Resultant parameterized design equations can then be incorporated into standard commercially available microwave-circuit computer-aided-design software. The test case examined in detail was the superconducting channelized receiver delivered by the Naval Research Laboratory to Phase I1 of the High Temperature Superconducting Space Experiment. Excellent agreement was obtained between measurements made on the demultiplexer and this HTS microwave circuit modeling approach.
Abstract-A
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I. INTRODUCXON
Accurate and efficient modeling of superconducting microwave circuits is needed in order to fully exploit the advantages of high-temperature superconductors (HTS) for microwave applications. One of the principle microwave application areas that should benefit from HTS technology is that of very narrow bandwidth (<1%) filters and multiplexers. Although stxongly dependent on a number of factors, narrowband thin-film-based distributed filters fabricated using HTS as opposed to normal metals can have insertion losses of approximately 1 dB instead of more than 10 dB when the bandwidth is small [I] . In order to fabricate such a filter and have it perform according to design, it is necessary to be able to design the resonant elements and their interactions to very tight tolerances. The technique described provides a convenient means of achieving the necessary design accuracy.
Microwave computer-aided design (CAD) of narrowband circuits is not an easy task for several reasons. Microwave CAD can be subdivided into two major categories: circuitmodel based, and electromagnetic-field-simulation based. The first is capable of dealing with large structures and complicated topologies, but the accuracy is limited by the accuracy of the circuit element models. For circuit-based sim- DC 20375-5000 ulators, many of the difficulties are related to the account for the effects that the superconductor circuit element response. This is most often ob temperature-dependent shift in the phase length of a circ element due to the internal energy of the supercon Although generally small compared to the external stored, the effect is sufficient to change the resonant fre by as much as several percent. As for electromagnetic solvers, practical computational considerations limit to relatively simple geometries, especially in the ca three dimensional simulators which also must fields internal to the superconducting films.
Recently, there has been considerable attention literature to addressing the issue of modeling superconducting microwave circuits. Several studies followed the approach of numerically solving for the both internal as well as external to the superconductor a have had good success in modeling the response superconducting transmission lines [2]- [5] . Another appro is to consider those cases where the superconductor can b6 accounted for by invoking a boundary condition which accounts for the internal properties of the superconductor agd its thickness without explicitly solving for the internal fields [6]-181. This approach was first applied to the spectral domain approach in the case of very thin superconductiig films where the approximate boundary condition is wall defined [6] . Subsequently, a correction to the approximqe boundary condition which allows the spectral domap approach to be applied in the case of arbitrarily thick fil& has been employed [8] . Since it is only necessary to so for the external fields, the computational requirements greatly reduced.
In the next section an approach is presented which stresges computational efficiency by employing electromagnebc modeling only when needed and only to provide parameteri4ed corrections to standard circuit model CAD. This approacg is then applied successfully to model the measured respons: of the HTS demultiplexer portion of the channelized receiver built by the Naval Research Laboratory for the High Temperature Superconductivity Space Experiment (HTSSE!i).
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MULTIFLEXER AND MEASURED RlESULTS
The experimental results for the HTS channelized receifer have been discussed in detail [9] . The receiver consists 6f a four channel demultiplexer based on a modified logarithbic periodic design operating at -9.5 GHz with each passbbnc -100 MHz in width. The circuit was implemented on a 51 pm-thick MgO substrate onto which YBa~Cu307.6 ha: deposited on both sides via pulsed laser deposition. Eacb o the four channelized signals was then downconverted u$inj commercially available microwave monolithic integr P U.S. Government Work Not Protected by U.S. Copyright circuit mixers. Two external local oscillator (LO) signals were supplied which where selected to provide frequencies to fall between non-adjacent, symmetrically located channels. This results in two upper-sideband and two lower-sideband intermediate frequency (IF) responses. The LO signals were delivered to the downconverters via two in-phase power splitters which were implemented in conventional microstrip. Each of the four intermediate frequencies were then detected with diode detectors. In order to measure the response at microwave frequencies, prior to incorporating the mixers, the outputs of all four multiplexer channels were routed backwards through the local oscillator power splitters which act as combiners. Thus it was possible to characterize the HTS multiplexer response, albeit embedded in the combiner response, at microwave frequencies with a network analyzer.
The measured microwave responses of the four channel demultiplexer cascaded through the two power combiner channels are shown in Fig. 1 at temperatures around the 77 K operating temperature of the HTSSE experiment. Approximately 3 dB of the insertion loss is directly attributable to the inherent design of the power splitters. It should be noted that the design of the HTS demultiplexer circuit was performed without making any allowances for the use of superconductors since the modeling tools did not exist at the time the design was implemented using Touchstone. Although there did not exist good agreement between the design of each passbands center frequency, the overall passband shape, width, and spacing is reasonably well preserved. Inherent in the logarithmic periodic design is strong interaction between channels due to the manifold design. Partially due to these circuit complexities, the HTS demultiplexer is a good candidate to evaluate the ability of a superconducting microwave circuit design methodology to be useful in the modeling of planar superconducting circuits.
III. MODELING
In order to take advantage of the sophisticated microwave circuit CAD software which is commercially available, a method of incorporating the effects of the superconducting film on the parameters of each circuit element is needed. The effect of the superconductor is to introduce an internal inductance, Li (often referred to as the kinetic inductance).
Since the conductivity of a superconductor is very large, to first order, the external fields can be presumed to be unchanged from the ideal conducting case for most geometries of practical interest. In comparison to the external inductance, Le, in planar microwave circuits, Li is small and the phase velocity, vp, and characteristic impedance, Z,, are given by: facilitates the determination of the ratio of the internal to external inductance. In ( 5 ) , Z, is the surface impedance, t is the superconducting film thickness, and h' is the complex penetration depth. The effect of the approximate boundary condition is to replace a finite-thickness region (the superconductor) with a sheet where the internal properties of the region and its thickness are incorporated into the boundary condition [6] . The internal inductance (with a small loss component) is accounted for by the modified boundary condition and the current distribution on the superconductor [6] . The functional form of the current distribution is primarily determined by the cross-sectional geometry of the transmission line and the media. The ratio Li to Le can be accounted for by the product of the approximate boundary condition and a factor which accounts for the cross-sectional geometry of the transmission line. Thus (1) can be written as where G is a geometrical factor which takes into account the cross-sectional geometry. Implicit in this formulation is the fact that G is independent of temperature, Any two-dimensional procedure for determining the propagation constant of planar superconducting transmission lines can be used, assuming the superconducting properties of the film are known. For the circuit studied in detail here, (6) was used to curve fit measured data with a temperature dependence of the penetration depth given by Figs. 2 and 3 are parameterized and when joined with (3), (4), and (7) provide equations which can be incorporated into existing commercial microwave circuit CAD software.
IV. RESULTS
The methodology described above was incorporated into the Touchstone microwave circuit CAD description of the original demultiplexer design. The power combiner circuitry was also included in the model to be consistent with the measured data. A comparison of the measured results along with the model predictions at 74 K, 78 K, and 82 K are shown in Figs. 4 , 5, and 6, respectively. Additionally, the modeled responses of the four HTS demultiplexer channels as de-embedded from the combiner circuit response are also plotted. The right-hand vertical axes are shifted 3 dB to account for the insertion loss of the combiner circuitry.
The only parameter that was changed between the three simulations shown in Figs. 4 , 5, and 6 was the operating temperature. The model does an excellent job of simulating the features of the measured data with very good accuracy. Not only is the relative temperature dependent frequency shift properly accounted for, but the absolute values of the center band frequencies agree remarkably well. Even the out-of-b features are reproduced with good accuracy. It should be no that the passband ripple increases for the lower fre channels. This is consistent with the logarithmic design of the demultiplexer. The highest frequency c the first channel which is routed from the input Subsequent channels are tapped off as they progress down trunk line. Since the original design was done prior to ability to take into account any effects of the superconduc the element lengths and characteristic impedances are slightly in error. Those channels which traverse a greate number of these "mistuned" elements will suffer a larg perturbation in their response from the ideal design. The ~ results are sufficient to demonstrate that this approach tq modeling complex microwave superconducting circuits ha sufficient accuracy to be used as a design tool.
Local variations in the superconducting parameters coul account for some of the discrepancies between the measure! and the modeled response. Other factors which could contri; , ! 0 . . . , . . . , . . . , . . . I . . . . I . . . , . . . I . . . , . . . bute to the differences are patterning and etching variations across different parts of the substrate which will be manifested as perturbations in the vp and Z, from their nominal values.
IV. CONCLUSIONS
A procedure has been described for accurate and efficient modeling of planar superconducting microwave circuits. The approach utilizes existing microwave circuit CAD software to provide efficient and accurate modeling. A straightforward approach was presented which eases the incorporation of the key affects of superconductivity on the behavior of microwave devices. The primary challenge that superconductivity presents from a microwave design standpoint is the incorporation of the internal inductance into circuit model elements. It was shown that selective use of electromagnetic modeling codes can provide parameterized information quantifying the internal inductance contribution. These corrections were incorporated into conventional microwave circuit CAD software in a straightforward fashion. An excellent agreement between measured and modeled data was obtained when this approach was applied to the superconducting demultiplexer portion of the cryogenic channelized receiver delivered by NRL to the HTSSE program.
It should be emphasized that the approach presented here is not dependent on any particular model for the functional dependence of the penetration depth. Nor is it necessary to invoke any particular numerical scheme when determining the internal inductance contributions. Often the geometry of the problem favors the application of a particular approach for efficient calculation of the fields responsible for the internal inductance contribution. This approach provides great flexibility in using modeling tools which are optimized for different situations.
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